LITERATURE REVIEW
Harris and co-workers (5) compiled extensive data showing that the osmotic pressure of plant saps was related to the soil environment on which the plants were grown and summarized the earlier literature on this question. They say (5, p. 919) : "The salts of the soil may conceivably be detrimental to crop production in two ways: first, chemically, through the toxicity of certain of the constituents; second, physically, through the attainment of an osmotic concentration greater than that which can be tolerated by crop plants. " Recent work on the response of plants to salinity in sand and solution cultures has been summarized by Eaton (4) , Hayward and Long (6, 7) , and Magistad et al. (12) . In general, these investigations have shown a linear negative correlation between relative plant growth (based on yields in the base nutrient solution as 100 per cent) and the osmotic pressure of the substrate. Superimposed on this major concentration effect are lesser effects due to the nature of the ions and ionic ratios. Thus Hayward and Long obtained better yield of tomatoes in a nutrient solution concentrated to 3 atmospheres than in the same original nutrient solution with additions of sodium chloride to attain the same osmotic pressure. Furthermore, experiments have shown that differences in temperature and sunlight will modify the growth of plants grown in the same substrate.
Some crops are more tolerant to salt than are others. Kearney and Scofield (8) published an extensive list of crop plants in order of tolerance. The staff of the Salinity Laboratory have shown that garden beets, sugar beets, and cotton, with relative yields of 70 per cent when grown in a substrate of 4 atmospheres, may be classed as tolerant to common salts, whereas wax beans provided less than a 20 per cent yield at this concentration. Yields at 0.5 atmosphere in the base nutrient solution were taken as 100 per cent. As an example of a saltsensitive plant, and of specific ion effects, Hayward and Long (7), in a recent paper, showed that peaches died at 3.4 atmospheres of chloride salts whereas growth continued at 3.6 atmospheres of sulfate salts.
In a recent experiment with alfalfa, Gauch and Magistad3 obtained a linear relationship between salt concentration and growth. Yields from the second cutting are reproduced in figure 1 .
Linear relationships similar to that shown in figure 1 have been found for most crops tested when plotted in a similar manner. Salt-tolerant crops have a slightly sloping regression line, whereas salt-sensitive crops have a steeply sloping one. Extrapolation of the regression lines for sugar beets and milo, for instance (12) Very few data have been published in which salt concentrations in solutions from saline soils at low moisture contents are correlated with plant growth. Eaton and Sokoloff (3) report a few analyses of displaced solutions from saline soils. One such soil solution contained a total of 308 m.e. of salts per liter. Orange production on this soil was poor. These authors point out the desirability of using low soil-water ratios to obtain an accurate picture of the composi- It has long been realized that the availability of soil water to plants is decreased both by a lowering of the moisture content and by an increase in salinity. More recently, the investigation of energy relations of soil water has made it possible to relate these phenomena on a quantitative basis. Thus, Day (2) has derived a differential equation for the moisture potential of a soil, which is related to the forces involved in a transfer of water from the soil to the plant: dP = -sdT + vdP + d o in which dj.~ = moisture potential term -sdT = temperature differential term vdP = pressure potential term dw = osmotic potential term.
The magnitude of -sdT is negligible for small temperature differences within the system. Thus, for most conditions, the moisture potential of the soil water is composed of two additive values, the pressure potential and the osmotic potential. The pressure potential relates to the pressure by which water is held in the soil. The osmotic potential is caused by presence of solutes in the soil water. The value of vdP can be measured by tensiometers, pressure-membrane apparatus, and similar techniques, and do can be measured by removing the soil solution and determining the activity of the water component, such as by freezing-point depression, or by vapor-pressure lowering.
In sand and solution cultures, vdP becomes zero, and the moisture potential of the substrate depends on its concentration. In most soils, both terms have appreciable values. Consequently, as in this report, when all soil solution concentrations are calculated to a common tension value (15 atmospheres), the pressure potential term is equal for all soils and the plant response becomes directly related to the osmotic potential.
MATERIALS AND METHODS
Seventeen soil samples from the laboratory collection were used in this investigation. Soil solutions were obtained from fifteen of these soils at field moisture by the pressure-membrane method (15) .4 Subsamples of the stock samples, which had been sieved through a +-inch screen, were sprinkled with sufficient distilled water to bring them to predetermined moisture contents. The relative moisture percentages of the fifteen samples varied because some of the samples were used also for other work than that reported here. The moistened samples were kept in air-tight tinned cans in a constant temperature room at 21°C. for at least 2 weeks prior to extraction. At 2-4-day intervals during this period, the samples were removed and mixed by manual working and rolling on a Koroseal mixing cloth. When satisfactory moisture. and salt equilibria had been attained, the soils were placed in the pressure-membrane apparatus and the soil solutions were extracted under a nitrogen pressure of 250-270 pounds per square inch (17-18.5 
atmospheres).
It has been shown by Richards and Weaver (16) that although the wilting range may vary over a considerable range of soil moisture tension, the moisture held at a tension of 15 atmospheres is usually a reliable index of the wilting point. In this work, the 15-atmosphere value has been used as equivalent to the wilting percentage. This value is determined in the pressure-membrane apparatus by allowing the soil moisture to come to equilibrium with this gas pressure. The fifteen samples were extracted at moisture contents varying from 1.15 to 2.2 times the 15-atmosphere percentage. Usually, coarse soils must be extracted at higher relative moisture contents for satisfactory results and to provide an adequate volume of solution.
The two remaining samples, 207 and 211, were too small to enable extraction described elsewhere,5 in conjunction with the macromethods used at this laboratory and at the adjacent Rubidoux Laboratory of the Division of Irrigation Agriculture (20) . Dissolved salts in terms of parts per million were calculated from the analytical results; because of organic matter, these figures were lower than the total dissolved solids obtained by evaporation. Osmotic pressures were calculated from freezing-point depressions measured with a Beckmann thermometer. For eight soils insufficient samples were available for conductivity and freezing-point measurements. Synthetic solutions were prepared therefore in accordance with the analyses, and these two determinations were
Composition of soil solutions of Concentrations were calculated to the soil moisture content at the 15-atmosphere value by multiplying the actually determined values by the ratio of extraction moisture percentage to the 15-atmosphere percentage. For the OSmotic pressure and conductivity calculations, additional factors were used to correct for the nonlinear change of thermodynamic activity and equivalent conductance with concentration. These factors were determined from available thermodynamic data (10, 14) and from conductivity data in the International Critical Tables (13) . Osmotic pressures in atmospheres were calculated from freezing-point depressions by the equation derived by Lewis (9) , namely, O.P. = 12.064 -0.021A2. For solutions of high concentration, this equation is exactly correct only at the freezing-point, and the calculated values were referred to 25°C. by applying additional corrections involving the heat of dilution (10, pp. 346-363). As these corrections involve various assumptions, some of the reported figures, especially the highest values, are approximations. Tables 1 and 2 contain the numerical results of the investigation. Table 1 includes descriptions of the soil samples, moisture percentages, salt concentrations at the wilting point expressed in four units, and notes on the plant growth. Table 2 comprises the ionic compositions of the extracted soil solutions.
RESULTS AND DISCUSSION

Relationship of soil solution concentration at the wilting point to plant growth
The data in table 1 show that good or very good plant growth was obtained in the first nine soils. The soil solution of these soils at the wilting percentage had an osmotic pressure of 4 atmospheres or less. The first four soils were from the Experiment Station Farms at Davis, California; Logan, Utah; Fort Collins, Colorado; and Pullman, Washington, respectively. These soils produce very good yields. As an example of salinity concentrations encountered in the soil solution under plant growth conditions, and of their variation with the soil moisture content, specific data on Cajon silty clay loam are given. This soil was extracted at 24.8 per cent moisture, and at this moisture content the soil solution had an osmotic pressure of 2.05 atmospheres. At a tension of $ atmosphere, this soil contains 28.2 per cent moisture. Richards and Weaver (16) have shown that the +-atmosphere value is approximately equal to the moisture equivalent. Between irrigations the moisture content of this soil might have varied from about 30 per cent to 12 per cent, and the osmotic pressure of the soil solution from 2 to 4 atmospheres. Very likely the moisture content of this soil was never reduced to the wilting percentage during the growth of the wheat. It seems fair to assume that although 4 atmospheres is given as a limiting value for the osmotic pressure of the soil solution, wheat growth took place mainly in the range from 2 to 3 atmospheres.
Plant growth observations shown in the last column of table 1 were based on local ideas of good crop yields. It is recognized that what may be called a good crop on an area uniformly saline might be considered a mediocre crop in more fertile and less saline lands.
In soils having a soil solution concentration above 4 atmospheres at the wilting point, crop yields were definitely not good even by local standards. At values above 40 atmospheres plant growth failed. Table 1 also gives values for the conductivity of the soil solutions. On this basis we note that where the conductivity exceeded about 1,200, crop growth diminished; at values between 3,000 and 10,000, growth failed.
Recently Scofield6 made a survey of soils in the Pecos River Basin of New Mexico and Texas. Soil samples were taken from "locations that appeared to represent. the several stages or degrees of soil salinity." These samples were brought to the saturation percentage, the "solution extract" was removed by a filter press, and the extract was analyzed. The saturation percentage is about, twice that at field capacity and this in turn is about twice that at the wilting percentage. The water content of these soils at the time of filtering therefore was assumed to be roughly four times the wilting percentage. Scofield concluded that where the solution extracts involve a conductivity of 800, salt-sensitive plants do not thrive, but salt-tolerant crops like alfalfa and cotton do well. Where the conductivity of the solution extracts is above 1,500, these salt-tolerant crops do not do well. The Pecos soils contain much gypsum, and the conductivity of these soil solutions at the wilting percentage probably would be less than expected from conductivities at the saturation percentage corrected for the diminished water content.
It has been customary to correlate plant behavior with the salt content of a soil expressed in terms of percentage or parts per million on a dry soil basis. It is more logical to give salt concentrations on the basis of soil solution rather than of soil. Such values are given in column 7 of table 1. Here we see that where the soil solution concentration at wilting exceeded 10,000 p.p.m., growth was markedly retarded. Where the concentration exceeded 40,000 p.p.m., growth ceased.
It should be noted that in soil 62 the total concentration of salts in the soil solution at the wilting percentage approaches the solubility of sodium chloride in water.
For the benefit of those who wish to make comparisons between plant growth and soil solution concentration in units of milliequivalents per liter, these values are included in column 6 of table 1. Livingston, in 1942 (ll) , reviewed the general subject of the effect of salts, salt proportions, and concentration on plant, growth. He concluded in general that the concentration of a good nutrient solution affects plants mainly through its osmotic value and that this is modified by the kinds of salt, and salt ratios present. He pointed out (11, p. 90 centage, and that the plants were, for the most part, growing at concentrations somewhat below these. The relationships shown in the table between plant growth and salt concentration are of the same order as those obtained by other investigators in sand and solution cultures.
Composition of soil solutions
The composition of the solutions as extracted are shown in table 2. These analyses are included because so few data are available on soil solution composition at low soil moisture contents, and because great variance is shown in the composition of solutions from soils from various parts of the western United States. In general, with increasing total salt content there has been a parallel increase in sodium, sulfate, and chloride concentrations. Of particular interest are the high nitrate values of the first four fertile soils, in which nitrates account for one half or more of the anions present.
About half of these soils contained undissolved gypsum. In the solutions from such soils, the product of calcium and suIfate agreed well with expected values as given by Vanoni and Conrad (19) .
In the solutions from soils 75, 85, 222, 86, and 62, the concentration of magnesium exceeded that of calcium. It is usually found that the amount of dissolved calcium exceeds that of magnesium in soil solutions of fertile soils.
SUMMARY
Seventeen soils representing a wide range of salinity conditions were collected, together with notes on plant growth. Soil solutions of these soils were obtained at moisture contents within normal field range. These solutions were analyzed and the values extrapolated to the 15-atmosphere (wilting percentage) value. Concentrations of salt are given in osmotic units, conductivity units, parts per million, and milliequivalents per liter. The relationship between plant growth and osmotic pressure of soil solution was similar to and of the same order as that obtained in sand culture and solution culture experiments. Above 40 atmospheres concentration, the soils were barren. NormaIly fertile irrigated soils had a soil solution concentration at wilting percentage of 1.3 to 1.8 atmospheres, conductance values (KX105) of 200 to 350, 2,000 to 4,000 p.p.m. and 30 to 50 m.e. per liter of salts.
The soil solutions as extracted varied greatly in composition. Nitrates formed half the anions in the solutions from fertile soils. In a few solutions the magnesium content exceeded that of calcium.
